Light-dependent inactivation of mitochondrial pyruvate dehydrogenase complex (mtPDC) in pea (Pisum sativum L.) leaves was further characterized, and this phenomenon was extended to several monocot and dicot species. The light-dependent inactivation of mtPDC in vivo was rapidly reversed in the dark, even after prolonged illumination. The mtPDC can be efficiently cycled through the inactivated-reactivated status by rapid light-dark cycling. Light-dependent inactivation of mtPDC was shown to be suppressed by inhibitors of photorespiratory carbon metabolism, including 2-pyridylhydroxymethane sulfonate, isonicotinic acid hydrazide, and aminoacetonitrile, and by an inhibitor of photosynthesis, 3-(3,4-dichlorophenyl)-1,1-dimethylurea. Glycine fed to pea leaf strips in the dark yielded partially inactivated leaf mtPDC, and this inactivation was blocked by inhibitors of glycine oxidation. It is concluded that the photorespiratory glycine to serine conversion that occurs in C3 leaf mitochondria can provide the NADH to drive oxidative phosphorylation and subsequent inactivation of mtPDC. Glycine oxidation also produces ammonium ion, which has been shown to enhance the inactivation of mtPDC in vitro by stimulating the pyruvate dehydrogenase kinase that catalyzes the phosphorylation (inactivation) of the mtPDC. Thus, light-dependent, photorespiration-stimulated inactivation of the mtPDC can regulate carbon entry into the Krebs cycle during C3 photosynthesis.
nitrile.
for regulation of the mitochondrial complex through product feedback by NADH and acetyl-CoA (23) and inactivationreactivation by reversible phosphorylation (26, 27) . Plants are unique in having an additional isoform of PDC in their plastids (10, 11) that is also quite sensitive to product feedback regulation but does not undergo regulation by reversible phosphorylation (10, 27) . In vitro studies of the PDC kinase have also shown that the phosphorylation-inactivation reaction is stimulated by micromolar NH4+ (29) and is inhibited by pyruvate, the substrate for the PDC (26, 30) . In situ studies with purified pea leaf mitochondria have shown that the PDC phosphorylation status is increased when the mitochondria are oxidizing substrates other than pyruvate (6) , in particular, glycine, an intermediate of the photorespiratory carbon oxidation pathway.
The controversy of whether or not mitochondrial respiration is occurring during photosynthesis has been long standing (16) , and recent reports by Kromer and colleagues (20, 21) working with barley (Hordeum vulgare) leaf protoplasts provide convincing evidence that mitochondrial ATP production is required for optimal photosynthesis. However, Budde and Randall (7, 8) recently reported that the pea leaf mtPDC is primarily in an inactivated form in illuminated leaves and that photosynthesis was required for this inactivation to occur. Inactivation of the mtPDC, which is the primary point of entry for carbon into the Krebs cycle, could call into question whether the Krebs cycle is providing the reducing equivalents to drive mitochondrial ATP formation. Kromer and colleagues (20, 21) did not establish the source of the reducing equivalents for oxidative phosphorylation in their experiments. Photorespiratory glycine to serine conversion in the mitochondria could easily provide sufficient NADH for oxidative phosphorylation, and, in fact, glycine has been shown to be the preferred substrate for leaf mitochondria (13) . Thus, it would appear that the question is not whether there is mitochondrial respiratory activity (16) during photosynthesis but what carbon source(s) is being oxidized.
The light-dependent inactivation of mtPDC (7) provides a mechanism to regulate or limit carbon entry into, and thus carbon oxidation by, the Krebs cycle during photosynthesis. Such curtailment of Krebs cycle activity was suggested more than 40 years ago by Benson and Calvin (3) when analyses of the Krebs cycle intermediates labeled during 14CO2 fixation experiments showed that only malate was labeled in the light, but label quickly moved into other Krebs cycle intermediates in the dark. The light-dependent regulation of several leaf enzymes is known (5, 12) , and the light-dependent (photosynthesis-dependent) alteration in protein phosphorylation status has recently been reviewed (8) , including such examples as Chl a/b light-harvesting complex (2), pyruvate, Pi dikinase (9), phosphoenolpyruvate carboxylase (18, 25) , and sucrose phosphate synthase (17) . To our knowledge, reports of light-dependent/photosynthesis-dependent regulation of mitochondrial enzymes are limited to the pea leaf mtPDC (7, 8) . An observation of phytochrome-dependent enhancement of three other mitochondrial enzymes, Cyt oxidase, succinate dehydrogenase, and fumarase, in cotyledons of Sinapis seedlings (28) was linked to increased de novo synthesis of these enzymes.
In this report, we describe further characterization of the conditions affecting the light-dependent inactivation of the leaf mtPDC and evidence linking this phenomenon to photorespiratory glycine oxidation.
MATERIALS AND METHODS

Plant Material
Pea (Pisum sativum L., cv Little Marvel), Brassica campestris, Brassica napus, and zucchini (Cucurbita pepo) seedlings were grown in a growth chamber (10 h HCl. After 20 min, the paper wick used to trap "4CO2 was removed and assayed by liquid scintillation counting. Each datum point represents the mean of duplicate assays. Each experiment was repeated at least three times.
The trapping of '4CO2 from the enzymic decarboxylation of pyruvate was linear with increasing amount of expressed sap (up to 0.1 mL) and with time (up to 2 min). Deviations from linearity with extended time or greater amounts of expressed sap were due to product inhibition (23) . When isolated mitochondria were used, the activity of the mtPDC assayed by this radiometric procedure was 90 to 95% of the rate determined by the standard spectrophotometric assay (6) . Components of the reaction medium inhibit PDH kinase (pyruvate and sodium thiamine PPi; refs. 26, 30) and PDH phosphatase (Triton X-100; ref. 6), thereby effectively trapping the in vivo steady-state level of phosphorylation of the mtPDC.
Inhibition of Photorespiration or Photosynthesis
In all experiments with inhibitors, detached leaves were fed an appropriate solution through the transpiration stream for 1 h in the dark before illumination and assay. This enabled the compounds tested to penetrate into cells at reasonable concentration. INH and AAN solutions were neutralized before use, but the pH of the HPMS solution was not adjusted because at neutral pH it is negatively charged and does not readily enter cells (31) . DCMU was dissolved in 0.1% (v/v) ethanol-water.
Mitochondria Isolation
Intact mitochondria were isolated and purified using a twoconsecutive discontinuous Percoll gradient procedure as described by Fang et al. (14) . Protein was determined by the method of Bradford (4) Ught intensity, uE m2 s-'
attributable to the chloroplast isoform of PDC that does not undergo reversible phosphorylation (10, 11) and is not inactivated in the light (data not shown). Details of this calculation were described by Budde and Randall (7) . To establish that this inactivation was not simply inhibition of PDC activity by some low mol wt metabolite(s) produced during photosynthesis, cell sap from illuminated leaves was mixed with PDC partially purified from purified and lysed mitochondria. In addition, the cell sap from illuminated leaves was desalted on Sephadex G-25 to remove any metabolites that were present. Table I shows that the sap from illuminated tissues had no effect on the activity of the partially purified PDC and that Sephadex G-25 treatment did not reactivate or relieve inhibition of PDC activity in sap from illuminated tissues. The addition of pyruvate, which inhibits the PDH kinase reaction (30) , and NaF, which inhibits the PDH-P phosphatase (24), also did not affect the activation status of PDC in the cell sap (Table I) . Thus, it would appear that the greatly reduced PDC activity in illuminated tissue is not due to any photosynthetically produced low mol wt inhibitors. Because neither pyruvate nor fluoride appear to alter the activation status of the complex, we have concluded that the assay reflects the in vivo phosphorylation status of the mtPDC.
To determine whether the light-dependent inactivation of PDC activity was a more general phenomenon and not unique to pea leaves, we examined several other species, both monocots and dicots. Although total PDC activity from darkened leaf tissues tends to be lower in zucchini, soybean (Glycine max), bean (Phaseolus vulgaris), barley, tobacco (Nicotiana tabacum), red clover (Trifolium pratense), and maize, significant light-dependent inactivation was observed, and this inactivation is illustrated for zucchini for which both growth chamber-and greenhouse-grown tissue was used (Fig. 2, B 
RESULTS
We confirmed that leaf mtPDC activity was suppressed in a light-dependent manner (Fig. 1A) as reported by Budde and Randall (7) . This inactivation was readily reversible in the dark (Fig. 1B) . Time as short as 5 min (shortest time tested) was sufficient to restore PDC activity to 100% or more of the overnight, dark-adapted level (Fig. 1C) . To evaluate the effect of light on mtPDC activity, it should be kept in mind that the radiometric assay using the crude cell sap measures total PDC activity. We used 1.4 nmol min-' mg of protein-' as that portion of PDC activity calculated to be Fig. 2A) .
Requirement for Photosynthesis and Photorespiration
To confirm that photosynthesis was required for the lightdependent inactivation of mtPDC, detached pea leaf pairs were allowed to take up 10, 50, or 200 jM DCMU for 1 h in the dark before illumination for 1 h (Fig. 3) . DCMU treatments decreased the mtPDC inactivation 76 and 69% for 10 and 50 or 200 Mm, respectively. Incubation of purified mitochondria under various levels of illumination from 25 to 500 ,uE m-2 s-1 had no effect on PDC activity.
Previous in situ studies from this laboratory have shown that, when intact pea leaf mitochondria were oxidizing glycine in state 3, PDC was phosphorylated and inactivated (6) . Furthermore, in vitro studies by Schuller and Randall (29) have shown that micromolar NH4' stimulates PDH kinase activity severalfold. Thus, it was logical to investigate whether or not photorespiratory carbon metabolism could be a possible signal route connecting photosynthesis to mitochondrial metabolism. If the light-dependent inactivation of mtPDC is influenced by photorespiratory metabolism, inhibition of photorespiration should decrease the light-dependent inactivation of mtPDC, and enhancement of photorespiration or provision of glycine in the dark should result in increased inactivation of leaf mtPDC.
Photorespiratory carbon metabolism can be inhibited at the peroxisomal localized glycolate oxidase step by HPMS (35) and the mitochondrial localized glycine decarboxylase step by INH (1) and AAN (33) . When detached pea leaf pairs were allowed to take up these inhibitors in the dark for 1 h and then illuminated for 1 h, the light-dependent inactivation of mtPDC was inhibited more than 90% as shown in Figure  4 . None of these compounds inhibited PDC activity when purified intact mitochondria were incubated for 1 h in the presence of inhibitor concentrations equal to those used for the experiments with detached leaves described above (data not shown).
When 1-to 2-mm strips of pea leaf tissue were incubated for 1 h in the dark with 20 mM glycine to mimic photorespiration and then assayed by the in vivo assay, mtPDC activity was partially, but significantly, inhibited (Table II) . However, when inhibitors of glycine oxidation were also provided during glycine-feeding experiments, mtPDC activity was not inactivated (Table II) . These results support the hypothesis for the involvement of photorespiratory metabolism in the light-dependent inactivation of mtPDC.
Photorespiration can also be decreased by altering the 02 and CO2 levels in the atmosphere. When the in vivo PDC activity was examined in illuminated tissue exposed to 1500
,iL/L of CO2 and 1 to 2% 02, there was a 60 to 80% reduction in the light-dependent inactivation of mtPDC (data not shown). This further confirmed the results reported by Budde and Randall (7) .
DISCUSSION
The light-dependent and photosynthesis-dependent alteration in the steady-state level of pea leaf mtPDC activity (7, 8) has been confirmed. This phenomenon has also been shown to occur in other species, both monocots and dicots. Because light has no effect on PDC activity in purified intact mitochondria, and photosynthesis occurs in the chloroplast, we have concluded that the light signal is transduced through some product(s) of photosynthesis that is reaching the mitochondrion.
Inhibition of mtPDC during photosynthesis should restrict Krebs cycle activity because both pyruvate and malate metabolism by the cycle require an active PDC. Furthermore, this would limit the Krebs cycle as a source of reducing equivalents for ATP production by oxidative phosphorylation. Because Kromer et al. (20, 21) showed that mitochondrial ATP is essential for optimal photosynthesis (30-60% inhibition when mitochondrial ATP formation is inhibited by oligomycin), there must be an alternative source of reducing equivalents. Glycine oxidation by glycine decarboxylase that occurs in leaf mitochondria as part of the photorespiratory carbon oxidation cycle (32) is well suited to be a component of the signal transduction chain regulating mtPDC activity and, at the same time, providing the reducing equivalents to drive mitochondrial ATP production by oxidative phosphorylation. Glycine is an intermediate in the photorespiratory metabolism of P-glycolate produced by Rubisco oxygenase action on RuBP, a process that only occurs in the light because photosynthesis is required to generate RuBP and to activate Rubisco (32) . For a C3 plant, photorespiration, i.e. glycine oxidation, occurs at about 30% of the rate of photosynthesis (32) . Mitochondrial glycine oxidation is catalyzed by glycine decarboxylase and produces NADH, NH4', C02, and Cl-tetrahydrofolate (32) . The NADH would be oxidized by the mitochondrial electron transport chain to drive the formation of ATP for cytosolic needs (and to phosphorylate mtPDC). The NH4' from glycine oxidation could also stimulate the PDH kinase that phosphorylates the mtPDC as shown in vitro (29) . Consequently, the mtPDC would be very sensitive to glycine oxidation (as we have established in situ [6] ). This working model for the light-dependent inactivation of mtPDC allows us to explain these key observations: (a) The need for mitochondrial ATP for photosynthesis. Reducing equivalents for oxidative phosphorylation would be provided by glycine oxidation instead of from the Krebs cycle. Gardestrom and Wigge (15) also concluded that glycine oxidation provides the electrons for mitochondrial ATP formation and that this ATP met energy requirements in the cytosol. Kromer and Heldt (20) concluded that the mitochondria would also oxidize excess reducing equivalents from photosynthetic electron transport. Consequently, there would be no requirement to shuttle redox equivalents generated from glycine oxidation out of the mitochondria to be used in the peroxisomal reduction of photorespiratory hydroxypyruvate to glycerate. These redox equivalents would be supplied by the excess from photosynthetic electron transport.
We propose that the rapid and reversible nature of the light-dependent inactivation of the mtPDC is the result of reversible phosphorylation of the complex. It is also obvious from the results reported here that not all of the mtPDC is inactivated (mtPDC that is phosphorylated is inactive, not Table II . Glycine Effect on mtPDC Activity in Darkness Pea seedlings were kept in darkness overnight. Detached leaves were cut into 1-to 2-mm strips and incubated in the dark in the indicated solution for 1 h. PDC was then assayed using the in vivo procedure and the estimated chloroplast PDC activity of 1.4 nmol min-1 mg of protein-' was subtracted to give the mtPDC activity. (22) , because the only way to activate acetate for metabolism is in the chloroplast (26) , and the acetate then enters the fatty acid biosynthetic pathway.
Wiskich et al. (34) concluded that the Krebs cycle can operate simultaneously with glycine oxidation by the existence of metabolons, i.e. nonhomogeneous distribution of enzymes or regions of the mitochondria where glycine oxidation enzymes occur and other regions where only the Krebs cycle is operational. This would allow the mitochondrial malate dehydrogenase to serve two roles, e.g. in the Krebs cycle to produce oxaloacetate and also to use oxaloacetate as a substrate to shuttle excess NADH from glycine oxidation out of the mitochondria. This, too, is compatible with our results. We did not observe inactivation of all of the mtPDC, and previously we did observe inactivation of mtPDC in situ when mitochondria were oxidizing glycine (6) . Kirschbaum and Farquhar (19) reported that elevating the internal partial pressure of CO2 did not relieve the lightdependent inhibition of nonphotorespiratory respiration. We also do not believe that this is in conflict with our results or conclusions but indicates that there are probably multiple signals being received by the mitochondria during photosynthesis. In addition, Kirschbaum and Farquhar (19) did not determine the rates of photorespiratory glycine oxidation or glycine levels under their conditions. We recommend caution in interpreting studies of Krebs cycle activity in the light when one is feeding exogenous pyruvate or Krebs cycle intermediates that can generate pyruvate at significant levels (16) . Pyruvate is the most effective inhibitor known for the PDH kinase and phosphorylation of mtPDC (26) . The results reported here and those of Kromer and colleagues (20, 21) support both sides of the controversy concerning whether mitochondrial respiration occurs in leaf tissue during photosynthesis. Mitochondrial respiration is occurring and mitochondrial ATP formation is occurring; however, the Krebs cycle activity is quite likely to be significantly curtailed in C3 plants during photosynthesis under conditions when photorespiration is occurring.
